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Plasma turbulence described by Vlasov
eg. for the distribution functions
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Fluid turbulence described by 2D Euler eqg.

for the vorticity
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Motion of ion guiding centers

The same equations for the characteristics:

dx,

E = 82¢(x,t)

Motion of vorticity elements
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Different nonlinearities:

N (x,2,t) = N, (x,Z,1) o(x,t) = —Ad(x,1)

The same equations for the characteristics:

dx
d—tl — 62¢(X9 Zat)

Hidden drifts

are found in these test particle
trajectories
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0. f*+v-VE“  The effects of hidden drifts V' V=0,
B=Be,, v= on turbulence evolution

Different nonlinearities:

N (x,2,t) = N, (x,Z,1) wo(x,t) = —Ad(x,1)

The same equations for the characteristics:
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The stochastic velocity 1s represented by a potential in 2d incompressible case
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Hamiltonian system of equations

dx -
= a0 HRD

/= » For static potential with 7 —>
the trajectories are closed and periodic
(situated on the contour lines of @)

7 k(f » For slow time variation of the potential,
‘7= the trajectories are almost closed for long
time intervals



The Eulerian correlations (EC) of the potential and of the velocity:

E(X,1) = (¢(0,0) p(X, 1)) = @ f [%%}

* V is the amplitude
f(0,0)=1, f — 0,

E,(X,t) = <vi(0,0)vj(>?,t)>,

X[>> A, t>> 1
e A is the correlation length

® T 1s the correlation time
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The time of flight: VI
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The Kubo number : K = L _vr




490 100 80 0 50 100 150 200 250 300 450

A typical trajectory in 2-d turbulence
(incompressible fluids, magnetized plasmas)
IS a stochastic sequence of trapping events and long jumps
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Trapping Is quasi-coherent motion.

The long jumps are random.
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Numerical simulations show that

0 Trapping appears at K =~ 1 and the fraction of trapped trajectories increases with K
O Trapping is generic. It affects a part of the trajectories at small time and, in a along
time, each trajectory is trapped during a fraction of this time.

The trapping events are multi-size

Trapping determines the coherent aspects in particle motion

O O



Trapping is due to the
Hamiltonian motion
determined by 2-dimensional,
zero-divergence velocity fields.
The potential (stream function)

1s invariant for time independent
fields.
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Main requirements for the theoretical methods:

* To be in agreement with the statistical constraints imposed by the

invariance of the potential
(Corrsin approximation, DIA, renormalization group technique are not)

* To describe both the random and the quasi-coherent characteristics of
the trajectories



- long jumps appear when the trajectory is at ~ @(X(t),t) =0
- trapping appears on the contour lines with large ‘¢( X(1), t)‘
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The segments of trajectories that correspond to similar values of the potential
are not much different



Semi-analytical statistical methods

1 The decorrelation trajectory method (DTM)

M.Vlad, F. Spineanu, J. H. Misguich, R. Balescu, “Diffusion with intrinsic trapping in 2-d
incompressible stochastic velocity fields”, Physical Review E 58 (1998) 7359

1 The nested subensemble method (NSM)

M. Vlad, F. Spineanu, “Trajectory structures and transport”, Physical Review E 70 (2004)
056304(14))

DTM and NSM are based on a set of simple trajectories determined from the
Eulerian correlation EC of the stochastic potential,
the decorrelation trajectories

The main idea of this approach is to determine the Lagrangian averages not on
the whole set of trajectories but to group together trajectories that are similar,
to average on them and then to perform averages of these averages.




» Similar trajectories are obtained by imposing supplementary initial conditions
besides the necessary one.

» Particularly important initial conditions are provided by the conserved
quantities (the potential in this case). The value of the initial potential determines
the average path of the trajectories.

» Subensembles S of realizations of the stochastic potential and conditional
averages are used in order to impose the 1nitial conditions

« The decorrelation trajectories (DT) are obtained from the conditional average
potential by an equation with the same structure as the equation for trajectories
ﬁ—V<I>‘°’(>_<’)x5 D°(%,1) = (p(X,1)). =VE, +¢°E

dt - £ (Xa )_<§0(X9 )>S _Vi i(p+¢

 The DT’s are determined from the EC of the stochastic fields and depend on
the set of 1nitial conditions

* The DT’s are smooth, simple trajectories much different from particle
trajectories.

* Each DT has an associated probability (weighting factor). -
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The averages of Lagrangian quantities are estimated by weighted averages on the
decorrelation trajectories. The DTM 1is used fot transport studies while more
complicated quantities are obtained with the NSM, which can provide more
statistical information.

* The probability of the displacements
* the statistical characteristics of the distance at a time t between initialy
neighbour trajectories

mmm) Trapping determines:

« non-Gaussian distribution of displacements

* Long time correlation of the Lagrangian velocity

* Micro-confinement effects

° hlgh deg ree of coherence (very strong clump effect of the trapped traj.)
* quasi-coherent structures of trajectories

° Quasi-coherent flOWS (due to space variation of the confining magnetic
field or of the amplitude of the turbulence)



The characteristics of the quasi-coherent structures
(non-isotropic, time-dependent potential):

- the fraction of trapped trajectories N,
- the average sizes of the trajectory structures S,

25
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X are increasing
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Hidden drifts (HDs) are a more subtle manifestation of the coherence of
the stochastic trajectories

HDs are ordered displacements that average to zero and do not drive flows
HDs appear in the presence of an averaae velocity and they are
perpendicular to this velocity Vmey

r=V_/V =02

<x(t5)> )

| The displacement conditioned by

. ‘ , | | the potential 1s an even function of ¢0
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The average perpendicular
displacements at saturation for
the positive and negative
initial potential
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The velocities of the hidden drifts:
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* Analytical study of test modes in turbulent plasmas that takes into account
trajectory trapping

«  The frequency and the growth rate are determined as function of the statistical
characteristics of the background turbulence.

*  Drift turbulence 1n a plasma slab, constant and uniform magnetic field
* The instability is produced by the combined effect of the non-adiabatic response of
the electrons and of the finite Larmor radius (FLR) of the 10ns determined here by

the polarization drift _ i
° en,B dx
The limit of zero Larmor radius of the 1ons: J
- stable drift waves B y

- potentials that move with the diamagnetic velocity

¢b(x_v*eeyt) >
dng/dx  x




» We consider a turbulent plasma ¢b ( X s L, t)
* Small perturbation 09, @ =@, + 09, 09 << @,

* The collisionless Vlasov equation at f“+v.-VI“+ V25 . f = 0,

- electrons — same response as in quiescent plasma
—-K\V,,

=N (x) €0y 1+ |\f !

K, |V,

i i € - V* t . . cxer
f, =n,(X)F, exp[ ¢b (XT : )j the short time approximate equilibrium
€

- ion response

fi=f+h

- The linearized Vlasov equation in the perturbation of the potential:

(8th+v-Vh)+hV.up:—|f'e_f¢(kv —wp’K: )

y *e
e



- The formal solution for ion density perturbation obtained with the method of the characteristics

h(x,v,t) = —no(X)Fy, e_?:/ﬁ (kyV e — @p3k3)IT
The propagator : ﬁi — ir dr M(7) exp[—lo(r —1)]

M(7)= <eXp{ i (X(? ~V..7) +ik - (x(7)—x)— _E dz'V-u, (X(T’))}>.

e

The average on the trajectories: dx(z) _ V4 (x-V,b)xe,

dr B
integrated backwards in time with the condition at t=t x(t) = x

9

-The dispersion relation for test modes in turbulent plasma
(the same as in quiescent plasma, except for the function M(t) that appears in the propagator )

@ — KyV e
|kz|VTe .

— (kyVee — 0p2kT = 1 + iﬁ



Thus, all the effects of the background turbulence are contained in the function:

M(7)= <exp{ £, (X(TT) ~V..7) +ik - (x(7)—x)— J-: d'V.u, (x(f'))}>.

e

- Implicite dependence on the 1on trajectories through the average
- Explicite dependence on the turbulence potential and polarization drift

O In the case of quiescent plasmas M = 1
 In turbulent plasmas, M contains the correlation potential-displacement, which is

determined by the hidden drifts <¢ x(t)>:j dg, ¢ <x(t)> P(4,)
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The hidden drifts determine in the propagator an average velocity

—i F 1
1 =— , = — —k?S.
o+KV,, +ik’D. 3 e“{ 2KSJ
- FkV., — K,V

Y1y F(k;+k))

_\F F (kyv*e+kXVhd)(kyV*e+kXVhd(kX2+kj))_k2D
"TN2 (1+FK2+k2)) Y

* The hidden drift velocity modifies both frequency and growth rate of the

drift modes
* The background turbulence also determines the factor F, which 1s due to the

trajectory structures.



The hidden drifts determine unstable modes with ky — (0 (zonal flow modes)

S LIS T,
2 |k, vr, (14 Fk2)

These unstable zonal flow modes appear when the amplitude of the drift turbulence
1s large enough Vhd ~ P

Zonal flow modes are very important

because:

U they influence the saturation of the
drift turbulence

1 They determine the decrease of the
diffusion coefficient along density
gradient (confinement quality) D )

1 They strongly increase the
perpendicular diffusion that has a
damping effect on drift turbulence D y




Ideal fluid turbulence described by 2D Euler equation for the vorticity
0,w+Vv-Va=0,
v=Vgxe , o(x,t)=—-A¢(x,t)

Process of vorticity separation according to its sign:
The relaxation of turbulent initial states clearly show the evolution toward order, and it
can lead to coherent states that consists of two large vortices of system size.

* The same Vlasov equation as in plasma case, with exactly the same
statistical properties of the characteristics (including the hidden drifts).

* The equation of motion of the vorticity elements are completely
independent on the vorticity they carry.

* How occurs vorticity separation

1 We show that the different nonlinearities of Euler and plasma turbulence
equations (and the different nature of the advected quantities)
determines completely different effects of the hidden drifts



The Eulerian correlations (EC) of the potential and of the velocity:

E,, (X,t)=AE(X,1), E(X,t)= <¢(0,0)¢(i,t)> =@ f L%,Lj
.

(0,0)>0  correlation of the vorticity and stream function
Where ¢ > 0 also @ > 0, and where ¢ < 0 also @ < 0

« Consider small scale turbulence in the presence of a large scale vortex
represented by an average velocity Vmey — hidden drifts are generated

(x®), j dg,(x(®)), , (X(1))_ f dg,(x(1)), Velocity difference between the hidden flows
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The velocity difference leads to vorticity separation, but only in the presence
of trajectory structures
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Vmey modifies the shapes of the structures (elongated along the average velocity),
and eventually destroys all the structures when r=V_/V >1



The velocity difference between the hidden flows leads to vorticity separation

only in the presence of trajectory structures

The hidden drifts determine
the attraction of the small
scale vortices by a large
vortex with the same sign

Positive vorticity concentration

A

Corresponds to a
T Vmey large scale
negative vortex

Negative vorticity concentration



Conclusion

« Hidden drifts (HDs) appear as ordered motion in 2D turbulence in the
presence of an average velocity

« HDs have strong effect on both plasma and fluid turbulence, but by
different mechanisms that are imposed by the specific nonlinearity

Plasma turbulence:

« HDs lead to an average velocity perpendicular to the average velocity by
correlation with the background turbulence

 This velocity directed along the gradient of the density generates zonal
flow modes;

This process of zonal flow generation appears from the quasilinear regime of the drift turbulence
and adds to other physical mechanism (Reynolds stress, ion flows, etc.)

Fluid turbulence:
« HDs contribute to the vorticity separation according to its sign




